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Doppler Echocardiographic Assessment of Impaired Left Ventricular
Filling in Patients With Right Ventricular Pressure Overload Due to
Primary Pulmonary Hypertension
ERIC K. LOUIE, MD, FACC, STUART RICH , MD, FACC, BRUCE H. BRUNDAGE, MD, FACC
Chicago. Illinois
In patients with primary pulmonary hypertension, com-
petition between the right and left ventricles for the lim-
ited pericardial space results in distortion of left ven-
tricular geometry reflected in displacement of the
ventricular septum toward the left ventricular cavity.
Left ventricular shape is most dramatically deranged at
end-systole and early diastole, suggesting the possibility
that the distribution of left ventricular diastolic filling
might be altered. To investigate this hypothesis, nine
patients with primary pulmonary hypertension and nine
normal individuals were studied with echocardiographic
techniques. Left ventricular isovolumic relaxation time
was significantly prolonged in patients with primary pul-
monary hypertension by comparison with normal in-
dividuals (129 ± 36 versus 53 ± 9 ms, p < 0.005) and
the fraction of the transmitral flow velocity integral oc-
curring in the first half of diastole was significantly less
than in normal individuals (38 ± 14% versus 70 ± 9%,
P < 0.005). Measurement of fractional changes in short-
axis left ventricular cavity area similarly demonstrated
that in patients with primary pulmonary hypertension
Distortion of the left ventricular cavity by leftward displace-
ment of the ventricular septum has been studied in a variety
of conditions associated with right ventricular pressure over-
load (1-7) and volume overload (8-12). Attention has fo-
cused on the transseptal pressure gradient as an important
hemodynamic determinant of this abnormal septal config-
uration (4,5,11,12), Recently, we and others (13) studying
patients with right ventricular pressure overload have noted
abnormal transmitral flow velocity profiles in these patients ,
suggesting that left ventricular filling dynamics may be in-
fluenced by the altered left ventricular geometry.
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fractional early diastolic cavity expansion (32 ± 11% )
was significantly less than in normal individuals (78 ±
9%, p < 0.005).
In patients with primary pulmonary hypertension,
the ventricular septum was abnormally flattened toward
the left ventricular cavity at end-systole (normalized sep-
tal curvature 0.04 ± 0.19) and remained that way
throughout early diastolic filling but returned toward
normal at end-diastole (normalized septal curvature 0.68
± 0.19, P < 0.005). Thus, in patients with primary
pulmonary hypertension end-systolic and early diastolic
deformation of the left ventricle by septal flattening to-
ward the left ventricular cavity is associated with relative
underfilling of the left ventricle in early diastole and
redistribution of left ventricular filling into late diastole.
The reliance on late diastolic filling and atrial systole to
maintain left ventricular preload in primary pulmonary
hypertension may have important implications for the
use of vasodilators in this disease.
(J Am Coil Cardiol 1986;8:1298-1306)
Patients with primary pulmonary hypertension offer the
unique opportunity to study left ventricular filling dynamics
in a cohort of individuals with marked right ventricular
pressure overload and an intrinsically normal left ventricle .
Accordingly , we undertook this study to characterize the
abnormalities in left ventricular filling dynamics in primary
pulmonary hypertension and to investigate their relation to
the geometric distortion of the left ventricle seen in this
disease, Because vasodilator therapy, which is employed in
this disease (14-16) , can profoundly influence left ventric-
ular preload, an awareness and an understanding of the
abnormalities in left ventricular filling dynamics in this dis-
ease may have particular clinical significance .
Methods
Study group. Nine patients (aged 13 to 55 years, mean
38 ± 15) with unexplained pulmonary hypertension under-
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Table I. Hemodynamic Profile of Patients With Primary
Pulmonary Hypertension
went a thorough evaluation to exclude secondary causes of
pulmonary hypertension (14,15) . No patient had clinical
evidence for left ventricular or coronary artery disease. While
taking no cardiac medications, these nine patients underwent
right heart catheterization to characterize their hemodynamic
status (Table I) within 24 hours of their Doppler echocar-
diographic examination . Nine normal individuals (aged 16
to 60 years, mean 36 ± 12)without evidence for myocardial
or valvular disease by pulsed Doppler or two-dimensional
echocardiography served as control subjects.
Pulsed Doppler and echocardiographic examinations.
Echocardiography. Two-dimensional echocardiograms
from standard left parasternal and apical windows, derived
M-mode echocardiograms and pulsed Doppler recordings
were obtained using a Diasonics CV 400 sector scanner
interfaced with a 3.5 MHz mechanical transducer while the
subjects had sinus rhythm and were breathing quietly in the
left lateral recumbent position. Short-axis two-dimensional
echocardiographic images of the left ventricular cavity at
the level of the mitral leaflet tips were obtained by angling
the transducer from base to apex so that mitral leaflet ex-
cursion was maximized and further apical angulation re-
sulted in disappearance of the mitral leaflets. Symmetry of
the medial and lateral aspects of the mitral leaflets was
required to ensure that the imaging plane was orthogonal to
the long axis of the left ventricle. All studies were recorded
on 0.5 inch (1.27 em) videotape for subsequent real-time
playback or stop-frame analysis. Stop-frame images during
the cardiac cycle were selected for analysis based on the
position of the mitral leaflet tips and identified as follows:
I) End-systole: the frame just before mitral valve opening;
2) end of early diastolic filling: the frame in which mitral
leaflets drift back to a midposition after their initial opening
excursion; and 3) end-diastole: the frame in which mitral
leaflets close after their reopening with atrial systole.
Left ventricular cavity area was determined by tracing
the internal interface of the left ventricular endocardium with
the blood pool using a digitizing video screen interfaced
with a computerized graphics analyzer (Digisonics) and the
internally generated calibrations displayed on the echocar-
diogram.
Average Range
Mean pulmonary artery pressure
(mm Hg)
Mean right atrial pressure
(mm Hg)
Cardiac output (liters/min)
Pulmonary vascular resistance
(Wood units)
Mean pulmonary capillary wedge
pressure (rnm Hg)
61 :!: 20
5 :!: 5
3. 1 :!: 0 .5
18 :!: 8
9 ± 4
46 to 115
I to J7
2.4 to 4.2
13 to 38
I to 12
The aortic and mitral valve excursions were recorded by
M-mode echocardiography simultaneously with limb lead
II of the electrocardiogram at a sweep speed of 50 mm/s.
The difference between the time from the onset of the QRS
complex to the opening of the mitral valve and the time
from the onset of the QRS complex to the closure of the
aortic valve (representing the interval between aortic valve
closure and mitral valve opening) divided by the square root
of the cycle length was computed as the rate-corrected iso-
volumic relaxation time.
Pulsed Doppler echocardiography. Sampling for pulsed
Doppler measurements was performed with a cursor posi-
tioned within the 80° two-dimensional sector scan at varying
range gates to a maximal depth of 16 em with a sample
volume length of 4.1 mm. Doppler output (filtered with a
400 Hz high pass filter) produced an audio signal as well
as a spectral display derived by fast Fourier transform anal-
ysis. To record transmitral inflow the transducer was po-
sitioned in the apical window to obtain a standard four
chamber view of the heart with clear visualization of the
ventricular apex, mitral leaflet excursions and left atrium.
The pulsed Doppler cursor was aligned parallel to the long
axis of the left ventricle, running from the ventricular apex
to the midpoint of the mitral orifice, and the sample volume
was positioned at or just distal to the mitral anulus. Minor
adjustments of transducer angulation were permitted to en-
sure that the interrogating Doppler beam was parallel to
mitral inflow. Such optimal positioning of the Doppler beam
was considered to have been achieved when I) a relatively
pure tone audio signal was appreciated, 2) a reproducible
display of the flow velocity envelope with minimal «0.5
kHz maximal width) spectral broadening could be recorded,
and 3) maximal peak flow velocities were obtained . No
correction was attempted for the angle between the Doppler
cursor and the apparent direction of mitral inflow and in all
cases that angle was estimated to be less than 20°. In no
subject did the recorded Doppler frequency shifts exceed
the Nyquist limit for the range gate utilized to record mitral
inflow. The transmitral flow velocity profiles were recorded
with a simultaneous limb lead II electrocardiogram at 50
mm/s. The transverse diameter of the mitral anulus mea-
sured from its lateral and medial inner edges just proximal
to the insertion of the mitral leaflets was obtained from the
same four chamber echocardiographic image of the heart at
the times of maximal mitral leaflet excursion in early and
late diastole. Assuming circular geometry of the mitral an-
ulus the cross-sectional area could thus be derived as 1T x
(diameter/Z)".
Measurements and calculations. Change in short-axis
left ventricular cavity area during early diastolic filling (AE)
was calculated from the difference between short-axis cavity
area at the end of early diastolic filling and end-systole.
Change in cavity area over the late diastolic filling period
(AA) was calculated from the difference between cavity area
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at end-diastole and at the end of early diastolic filling. The
fractional change in left ventricular cavity area during early
diastolic filling was calculated as the ratio LlE/(LlE + LlA),
and the fractional change in left ventricular cavity area dur-
ing late diastolic filling was calculated as LlA/(LlE + LlA).
The degree of distortion of the ventricular septum was
quantified by measuring its radius of curvature (5, 10) from
the short-axis images of the left ventricular cavity at the
level of the mitral leaflet tips. The shape of the septum at
this level was found to be characteristic of its shape along
its entire length by examining serial short-axis planes at
more caudad and cephalad levels. After tracing the internal
left ventricular endocardial interface of the ventricular sep-
tum, two chords subtending different parts of the arc were
constructed and perpendicular bisectors of these chords
erected. The intersection of these perpendicular bisectors
defined the center of curvature of the septal arc and the
distance from this point to the arc defined the septal radius
of curvature (R). When septal curvature was convex with
respect to the left ventricular cavity its radius of curvature
was determined relative to a center of curvature in the right
ventricle and assigned a negative value. An idealized radius
of curvature (R), normalized for left ventricular cavity area,
was computed assuming idealized cavity area to be perfectly
circular; thus R, = (cavity area/rr) 112. In order to arrive at
an index of septal distortion and left ventricular deformation
that varied as a continuous variable passing through zero
rather than infinity, normalized septal curvature (R/R) was
calculated (5). Values approaching unity represent a nearly
circular left ventricular short-axis profile, whereas values
approaching zero represent flattening of the ventricular sep-
tum toward the left ventricular cavity. Negative values rep-
resent increasing degrees of reversal of septal curvature with
the ventricular septum appearing convex with respect to the
left ventricular cavity.
Measurements from the Doppler flow velocity profile
(17.18) of transmitral flow were made with the aid of a
digitizing tablet interfaced with a computerized graphics
analyzer and the internally generated calibrations provided
with the Doppler spectra which are solved for velocity. Peak
velocities in early and late diastole were determined from
the midpoint of the Doppler spectral envelope at the times
of maximal Doppler shift in early and late diastole, respec-
tively. Peak filling rate in early diastole was calculated as
the product of peak velocity of transmitral flow in early
diastole and mitral anular area at the time of maximal mitral
leaflet opening in early diastole (18). Peak filling rate in
late diastole was calculated as the product of peak velocity
of transmitral flow in late diastole and mitral anular area at
the time of maximal mitral leaflet opening in late diastole.
Quantitative determination of the distribution offlow ve-
locity within the diastolic filling period was obtained by
tracing a continuous line through the midpoint of the gray
scale spectral display (approximating instantaneous modal
velocity) of the trans mitral flow velocity profile and deter-
mining the integral of the profile. Taking the time interval
from the beginning to the end of the transmitral flow velocity
profile as the diastolic filling period, measurements of the
fraction of the flow velocity integral falling within the first
and second halves of the diastolic filling period were de-
termined.
Statistical methods. Where appropriate, the data were
analyzed with the Student's paired or unpaired t test. If
comparisons among multiple groups were required the sig-
nificance level was adjusted according to the Bonferroni
method (19), a probability value of less than 0.05 being
considered statistically significant. Linear regression anal-
ysis by the least squares method was also employed. Values
are reported as the mean ± I SD.
Results
Transmitral flow velocity profiles (Fig. 1). In the nine
normal individuals, left ventricular isovolumic relaxation
time ranged from 41 to 70 ms (mean 53 ± 9). After opening
of the mitral valve, the Doppler-derived transmitral flow
velocity waveform was characterized by peak flow velocities
in early diastole (during rapid diastolic filling) of 62 ± 10
cmls (range 45 to 80) and peak flow velocities in late diastole
(during atrial systole) of 39 ± 13 cmls (range 18 to 57).
In each subject peak flow velocities in late diastole were
less than those in early diastole resulting in a ratio of late
to early diastolic peak flow velocities of 0.6 ± 0.2 (range
0.4 to 0.9). In each subject the majority of transmitral flow
velocity fell within the first half of the diastolic filling period;
hence, the fraction of the flow-velocity integral occurring
in the first half of the diastolic filling period ranged from
0.52 to 0.86 (mean 0.70 ± 0.09).
Figure 1. Distribution of the transmitral flow-velocity integral
(FYI) within the first and second halves of diastole. Patients with
primarypulmonary hypertension (solid circles) havea significantly
lower fraction of total diastolic filling occurring in the first half of
diastole by comparison with normal individuals (open circles) in
whom the major portion of left ventricularfilling occurs in early
diastole.
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By contrast, in the nine patients with primary pulmonary
hypertension, rate-corrected left ventricular isovolumic re-
laxation time was significantly prolonged when compared
with the value in normal subjects, ranging from 58 to 181
ms (mean 129 ± 36, p < 0.005). After isovolumic relax-
ation, transmitral flow velocity waveforms were character-
ized by peak flow velocities in early diastole of 27 ± II
cmls (range 12to 44) and peak flowvelocities in latediastole
of 47 ± 15 cmls (range 20 to 70). The ratio of late to early
diastolic peak flow velocities in these nine patients was 2.1
± 1.0 (range 0.8 to 3.9), which was significantly higher
than the value in the normal subjects (p < 0.005). Similarly,
the fraction of the flow velocity integral falling in the first
half of the diastolic filling period (0.38 ± 0.14, range 0.19
to 0.62) was significantly less in patients with primary pul-
monary hypertension than in normal subjects (p < 0.005).
Early and late peak diastolic filling rates (Fig. 2).
Doppler-derived peak diastolic filling rates provided further
evidence for impaired early diastolic filling and redistri-
bution of left ventricular filling into late diastole in patients
with primary pulmonary hypertension. In the nine normal
subjects peak filling rates during late diastolic filling (155
± 69 mils, range 60 to 264) were less than peak filling
Figure2. Peak leftventricular filling rates (PFR) inearly and late
diastole. A, Patients with primary pulmonary hypertension (PPH)
show higher peak filling rates in late diastole than inearly diastole,
which is an inversion of the relation found in normal individuals.
B, The ratio of late to early peak diastolic filling rates is signifi-
cantly greater in patients with primary pulmonary hypertension
than in normal individuals, reflecting the redistribution of ven-
tricular filling to late diastole in patients with primary pulmonary
hypertension.
rates during early diastolic filling (219 ± 83 mils, range
140 to 405), resulting in a ratio of late to early diastolic
peak filling rates of 0.7 ± 0.2 (range 0.3 to 1.0). By
contrast, in the nine patients with primary pulmonary hy-
pertension, peak filling rates in late diastole (125 ± 65 mil
s, range 42 to 224) were generally greater than peak filling
rates in early diastole (70 ± 36 mils, range 29 to 144). The
resultant ratio of late to early diastolic peak filling rates in
patients with primary pulmonary hypertension (2.2 ± lA,
range 0.5 to 5.2) was significantly greater (p < 0.01) than
that for normal individuals.
Fractional changes in left ventricular cavity area
(Fig. 3). Analysis of the fractional change in short-axis left
ventricular cavity area during diastole provided a measure
of relative left ventricular filling in early and late diastole
independent of the analysis of Doppler derived flow velocity
waveforms. Whereas in normal subjects the fractional in-
crease in left ventricular cavity area attributable to early
diastolic filling was 0.78 ± 0.09 (range 0.67 to 0.96), in
patients with primary pulmonary hypertension the early di-
astolic fractional increase in left ventricular cavity area was
significantly less, 0.32 ± 0.11 (range 0.12 to 0045, p <
0.005). Thus, in contrast to normal individuals, patients
with primary pulmonary hypertension showed a reduced
proportion of total left ventricular diastolic cavity expansion
occurring in early diastole with a reciprocal increase in the
proportion of left ventricular cavity expansion occurring in
late diastole.
Time course of distortion in ventricular septal ge-
ometry (Fig. 4 and 5). The temporal distribution of left
ventricular filling during diastole was related to the changes
in ventricular septal geometry by measuring normalized sep-
tal curvature (FigA). At end-systole the ventricular septum
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Figure 3. Fractional increases in leftventricular (LV) cavity area
during early and late diastole. Patients with primary pulmonary
hypertension (solid circles) exhibit significantly greater late dia-
stolic fractional increases in leftventricular cavity area when com-
pared with normal individuals (opencircles). Whereas in normal
individuals the major increase in cavity area occurs in early di-
astole, in patients with primary pulmonary hypertension late di-
astolic cavity expansion exceeds early diastolic cavity expansion.
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Figure 4. Stop-frames of two-dimensional
echocardiograms obtained in the short-axis
plane at the level of the tips of the mitral
valve leaflets in a normal individual (upper
panels) and in a patient with primary pul-
monary hypertension (lower panels). At
end-systole the ventricular septum is mark-
edly flattened toward the center of the left
ventricular cavity in the patient with pri-
mary pulmonary hypertension by compar-
ison with the pattern of ventricular septal
curvature seen in the normal individual. At
the end of early diastolic filling, whereas
the normal individual exhibits a significant
increase in left ventricular cavity area and
maintenance of the relatively circular con-
figuration of the left ventricle, the patient
with primary pulmonaryhypertension shows
little change in cavity area and persistent
bulging of the ventricular septum into the
left ventricular cavity. At end-diastole the
ventricular septum in the patient with pri-
mary pulmonary hypertension has shifted
away from the left ventricular cavity though
its curvature is still reduced compared with
the normal individual and appears flattened
relative to curvature of the left ventricular
free wall. By comparison with the stop-
frame image obtained at the end of the early
diastolic filling period there has been a sig-
nificant increase in cavity area for the pa-
tient with primary pulmonary hypertension.
END - SYSTOLE END EARLY END - DIASTOLE
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was flattened toward the center of the left ventricular cavity
in all patients with primary pulmonary hypertension. In six
of these nine patients the ventricular septum was without
curvature and in an additional patient the ventricular septum
was convex with respect to the left ventricular cavity. The
normalized septal curvature was 0.04 ± 0.19 (range - 0.32
to 0.43). At the end of the early diastolic filling period the
ventricular septum remained flattened toward the left ven-
tricular cavity in all patients, and normalized septal cur-
vature (- 0.09 ± 0.40, range - 0.52 to 0.64) was not
significantly changed with respect to the end-systolic con-
figuration for the group as a whole. In four of the nine
patients the ventricular septal distortion was more marked
by comparison with the end-systolic configuration and ap-
peared convex with respect to the left ventricular cavity. In
three of the nine patients the ventricular septum remained
flat and in the two remaining patients ventricular septal
curvature had become less abnormal in configuration but
remained flattened in appearance. At end-diastole the ven-
tricular septal configuration returned to a more normal shape
in all patients, and normalized septal curvature (0.68 ±
0.19, range 0.30 to 0.94) was significantly increased com-
pared with measurements obtained at the end of the early
diastolic filling period(p < 0.005) (Fig. 5).
In the normal subjects, there were no significant changes
in normalized septal curvature comparing images obtained
at end-systole, at the end of early diastolic filling and at
end-diastole. Throughout the diastolic filling period nor-
malized ventricular septal curvature ranged from 0.92 ±
0.08 to 0.98 ± 0.06, reflecting a nearly circular profile of
the left ventricular cavity and no flattening of the ventricular
septum toward the left ventricular cavity.
Discussion
Alterations of ventricular septal geometry in right
ventricular pressure overload. In this study of patients
with severe right ventricular pressure overload due to pri-
mary pulmonary hypertension we have demonstrated that
the left ventricle is distorted from its usual circular config-
uration by flattening of the ventricular septum toward the
center of the left ventricle. Utilizing normalized septal cur-
vature as an index of this abnormal septal flattening (and in
some instances reversal of septal curvature), we found that
the distortion of the left ventricular cavity is established at
end-systole before the onset of transmitral inflow and per-
sists throughout the early diastolic filling period. During the
late diastolic filling period this distortion becomes less marked
as the ventricular septum becomes less flattened and nor-
malized septal curvature increases from near zero (flat sep-
l ACC Vol. 8. No.6
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NS NS
tum with no curvature) at the end of early diastolic filling
to 0.68 (a curvature closer to the value of unity found in
normal individuals) at end-diastole.
Impact of early diastolic ventricular septal displace-
ment on left ventricular filling. We hypothesized that the
pattern of left ventricular filling might be altered by these
geometric changes and in particular that early diastolic fill-
ing might be compromised. Our results show that the left
ventricular isovolumic relaxation period is significantly pro-
longed in these patients. resulting in a delay in onset of
transmitral inflow. Other authors (20, 21) have emphasized
that the isovolumic relaxation time is influenced not only
by the rate of left ventricular pressure decline. and hence
left ventricular relaxation. but also by the magnitude of the
pressure drop and the timing of aortic valve closure. In our
patients with primary pulmonary hypertension as well as in
Figure 5. Normalized ventricular septal curvature in normal in-
dividuals andpatients with primary pulmonary hypertension (PPH)
throughout the diastolic filling period. In normal individuals the
left ventricle assumes a relati vely circular profile with normalized
septal curvature approaching unity throughout the diastolic filling
period. In these individuals there are no significant changes in
septal geometry from end-systole. through the end of the early
diastolic filling to end-diastole. Incontrast. at theonset ofdiastole.
patients withprimary pulmonary hypertension exhibit marked left-
ward displacement of the ventricular septum resulting in flatten ing
of theseptum or reversalof its curvature (Fig. 4) and a normalized
septal curvature approaching zero. Throughout the early diastolic
filling period left ventriculargeometry remains distorted and nor-
malized septal curvature remains near zero. concomitant with de-
creased early diastolic fill ing (Fig. 1 and 2). By contrast. during
the late diastolic filling period there is a significant increase in the
normalized septal curvature resulting in a rightward shift of the
ventricular septum and relative normalization of ventricular ge-
ometry (Fig. 4) concomitant with increased late diastolic fill ing
(Fig. I and 2). NS = not significant by paired comparison with
measurement at preceding point in the cardiac cycle.
our normal subjects, systemic arterial pressures were normal
and aortic valve disease was absent so that the observed
prolongation in the isovolumic relaxation period truly re-
flects a decrement in the rate of left ventricular pressure
decay in patients with primary pulmonary hypertension rel-
ative to normal subjects.
Pulsed Doppler-derived left ventricular peak fillin g rates
in these patients with primary pulmonary hypertension were
generally lower than measurements obtained from normal
individuals. reflecting the reduced pulmonary blood flow
characteristic of these patients with pulmonary vascular ob-
struction. Whereas late diastolic filling contributed 30% of
total diastolic filling in normal individuals. in patients with
primary pulmonary hypertension late diastolic filling ac-
counted for more than 60% of total diastolic filling. This
observation suggests that in patients with right ventricular
pressure overload due to primary pulmonary hypertension
the ventricular septum is flattened at end-systole and the
persistence of this distortion of the left ventricular cavity
throughout early diastole is reflected in a relative redistri-
bution of left ventricular filling from early to late diastole.
Previous studies of diastolic interdependence of the
ventricles. The abnormal pattern of ventricular septal mo-
tion seen in primary pulmonary hypertension was described
by Goodman et al. (I ) using M-mode echocardiography;
they also noted a reduction in the mitral valve EF slope,
suggesting the possibility of altered early diastolic filling of
the left ventricle. Postmortem (22) and two-dimensional
echocardiographic techniques (5.7) used to evaluate patients
with right ventricular pressure overload (some of whom had
primary pulmonary hypertension), have also characterized
the pattern of abnormal septal curvature observed in the
present study and demonstrated a significant linear corre-
lation between end-systolic normalized septal curvature and
relative right ventricular systolic pressure (5). Krayenbuehl
et al. (3), in a micromanometric cineangiographic study of
patients with chronic pulmonary hypertension due to pri-
mary or secondary pulmonary vascular disease , observed
leftward septal displacement (reduced end-diastolic left ven-
tricular minor axis in the left anterior oblique projection) in
association with increased left ventricular end-diastolic pres-
sures at low normal end-diastolic volumes in 6 of 10 sub-
jects. They concluded that the apparent decreased left ven-
tricular compliance was attributable to this abnormal
interaction between the ventricles by way of the septum.
Several authors (4,9- 12) studying right ventricular over-
load states associated with abnormal septal motion have
considered the leftward septal shift to be primarily a diastolic
phenomenon with restoration to more normal septal cur-
vature in systole (9). Several of these investigators (4,11,12)
postulated that the reversal or reduction in the transseptal
pressure gradient (between the left and the right ventricles)
during diastole resulted in the leftward shift of the ventric-
ular septum. The findings in the present study are in general
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Figure 6. Least squares linear regressionof Doppler-derived frac-
tion of transmitral flow-velocity integral (FVI) occurring in the
first half of diastole versusechocardiographically determinedfrac-
tional increasein left ventricular(LV) cavity area in early diastole.
A linear relation between the Doppler estimate and the echocar-
diographic estimate of fractional left ventricular filling is dem-
onstrated (with correlation coefficient = 0.74).
from rather than cause the abnormal left ventricular filling
pattern. By this argument the series relation between the
right and left heart pumps rather than their anatomic jux-
taposition and mechanical interaction would explain our
findings. Three observations in our patients make this hy-
pothesis unlikely: I) although left ventricular peak filling
rates are reduced consequent to pulmonary vascular obstruc-
tion in this disease, this does not account for the dispro-
portionate reduction in early peak filling rates relative to
late peak filling rates; 2) abnormal ventricular septal flat-
tening occurs before mitral valve opening and thus cannot
be the result of underfilling of the left ventricle; and 3)
distortion of the left ventricle is regional, manifested as
flattening of the ventricular septal curvature with preser-
vation of free wall curvature, which would be difficult to
explain solely on the basis of decreased pulmonary venous
return. Addressing this issue by comparing the effects of
pulmonary artery constriction and vena caval occlusion in
a canine model, Visner et al. (23) concluded that the ven-
tricular septal shift during acute right ventricular hyperten-
sion due to pulmonary artery constriction could not result
simply as a passive response to reduced left ventricular
input.
Methodologic considerations. Several limitations in-
herent in the analysis of the short-axis left ventricular echo-
cardiogram and the interpretation of Doppler-derived flow
velocities in the assessment of diastolic function should be
recognized. In this study we assumed that diastolic volume
changes were reflected in short-axis area changes. An anal-
ysis of true left ventricular volume was not attempted be-
cause a practical geometric model for computing left ven-
tricular volume from the distorted shape of the left ventricle
in primary pulmonary hypertension is not readily available.
agreement with these observations; however, in our patients
with predominant right ventricular pressure overload the
maximal distortion in septal curvature was established at
end-systole before the onset of left ventricular diastolic fill-
ing and persisted throughout early diastolic filling. In several
of the foregoing studies (9-11) volume overload of the right
ventricle predominated and may have resulted, therefore,
in leftward septal shift limited to diastole. In a closed chest,
open pericardium canine model, Visner et al. (23) acutely
created peak right ventricular systolic pressures of 68 ± 9
mm Hg by pulmonary artery constriction and found the
greatest reductions in ventricular septum to left ventricular
free wall dimension to occur during isovolumic relaxation
and early diastole, in agreement with our present findings.
Similarly, in a study of children with right ventricular sys-
tolic hypertension, King et al. (5) demonstrated greater loss
of normalized septal curvature at end-systole by comparison
with end-diastole. Recently, Agata et al. (6), using two-
dimensional echocardiography, demonstrated that patients
with right ventricular volume overload had flattening and
leftward displacement of the ventricular septum at end-di-
astole but not at end-systole, whereas patients with right
ventricular pressure overload displayed abnormal leftward
septal displacment at end-systole with lesser degrees of dis-
tortion at end-diastole. In a group of patients with right
ventricular pressure and volume load, Minagoe et al.(l3)
identified a subset of patients with abnormal end-systolic
and end-diastolic septal geometry in whom late diastolic
trans mitral flow velocities exceeded early diastolic trans-
mitral flow velocities. Their results are similar to our own
showing redistribution of left ventricular filling to late di-
astole in patients with right ventricular pressure overload.
Other mechanisms for the redistribution of left ven-
tricular filling to late diastole. We have postulated that
early diastolic distortion of the left ventricle by the flattening
of the ventricular septum in right ventricular pressure over-
load results in reduced early diastolic left ventricular filling
and compensatory increases in late diastolic filling at a time
when septal geometry is less deranged. Other mechanisms
for ventricular diastolic interdependence, including changes
in compliance of the common septal wall and interactions
between the ventricles through shared circumferential mus-
cle fibers (24,25) may also be operative. Because we do not
have detailed pressure-volume data in our patients with pri-
mary pulmonary hypertension we cannot assess the role that
apparent changes in left ventricular chamber compliance
may have played in the redistribution of diastolic filling
from early to late diastole (26-29), though it is tempting to
speculate that chamber compliance may be disproportion-
ately decreased in early diastole at the time when septal
deformation is most marked.
Alternatively, one might reason that because pulmonary
venous return is reduced in primary pulmonary hypertension
the distortion in ventricular shape in this disease might result
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Similarly. septal curvature was only quantitated in the short-
axis plane although in each patient the shape of the septum
at the level of the mitral leaflet tips was found to be char-
acteristic of the septum along its length by examining serial
short-axis planes at more caudad and cephalad levels. The
Doppler technique measures blood flow velocity. not vol-
umetric flow, and peak flow rates at selected times in di-
astole were derived assuming that the mitral anulus was
circular and that it adequately reflected the effective cross-
sectional flow area for the spatial distribution of trans mitral
flow velocities. Utilizing these assumptions other investi-
gators (17,18) have validated this technique for quantitating
transmitral volumetric flow (17) and have found good cor-
relations with angiographically determined diastolic filling
rates (18). Quantitation of the transmitral flow velocity in-
tegral as well as Doppler derived peak filling rates have also
been found to closely reflect variables of fractional diastolic
filling and peak filling rates determined by radionuclide
blood pool scintigraphy (30,31) . Because we did not mea-
sure ventricular volume in our patients we did not follow
the con vention adopted by others (18,31) of normalizing
Doppler derived peak filling rates by left ventricular end-
diastolic volume. Because the primary goal of our inves-
tigation was to compare relative left ventricular filling and
filling rates in early and late diastole, normalization for end-
diastolic volume was not necessary ,
Despite the limitations of our echocardiographic and
Doppler techniques, these two methods of assessing dia-
stolic function independently demonstrated that patients with
primary pulmonary hypertension have an abnormal redis-
tribution of left ventricular filling from early to late diastole.
When data from normal individuals and patients with pri-
mary pulmonary hypertension were pooled, there was a
linear correlation (r = 0.74) between the Doppler-derived
fraction of transmitral flow velocity integral occurring in
the first half of diastole and the echocardiographically de-
termined fractional increase in left ventricular cavity area
in early diastole (Fig . 6), demonstrating that these inde-
pendent methods of assessing patterns of left ventricular
filling yield quantitatively comparable results.
Clinical implications. Using Doppler echocardio-
graphic techniques we have demonstrated a marked redis-
tribution of left ventricular filling from early to late diastole
in patients with right ventricular pressure overload due to
primary pulmonary hypertension . This alteration in diastolic
filling pattern appears to coincide with the marked ventric-
ular septal flattening that is present before the onset of trans-
mitral inflow and persists throughout the early diastolic fill-
ing period . This dependence on late diastolic filling to achieve
adequate left ventricular preload may be of particular sig-
nificance in patients who develop arrhythmias that result in
loss of the late diastolic "booster effect" of atrial systole
or who develop sinus tachycardia with resultant dispropor-
tionate abbreviation of the available diastolic filling period.
In addition, current therapy for primary pulmonary hyper-
tension (15,16) relies heavily on vasodilator therapy, which
may profoundly influence left ventricular preload. Even small
reductions in left ventricular filling pressures may result in
inadequate diastolic loading, given the abnormalities we
have demonstrated in left ventricular filling dynamics . On
the other hand, vasodilator-mediated decreases in pulmo-
nary vascular resistance resulting in augmented pulmonary
blood flow without concomitant reductions in pulmonary
artery pressure might result in increased volume loading of
the left ventricle at a time when early filling dynamics are
still impaired because of flattening of the ventricular septum
toward the left ventricular cavity. Thus the demonstration
in this study of altered left ventricular filling dynamics in
primary pulmonary hypertension should attract attention to
the potential for adverse effects of vasodilator therapy on
diastolic loading of the left ventricle in this disease.
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